The dual genetic origin of mitochondrial respiratory chain complexes leads to the synthesis of subunits by mitochondrial and cytosolic ribosomes. Now, Richter-Dennerlein et al. report that membrane-integrated assembly factors associate with ribosome nascent chain complexes in human mitochondria to coordinate translational plasticity with the import of subunits from the cytosol.
The oxidative phosphorylation (OXPHOS) machinery of the mitochondrial inner membrane generates the vast majority of cellular ATP. Defects of its biogenesis and function cause severe diseases (Ferná ndez-Vizarra et al., 2009) . Most OXPHOS complexes, including the respiratory complexes I, III, and IV and the F 1 F o -ATP synthase are of dual genetic origin. While several central membraneintegrated subunits of these complexes are encoded by the mitochondrial genome and synthesized on mitochondrial ribosomes, the majority of OXPHOS subunits are encoded by nuclear genes, synthesized on cytosolic ribosomes, and imported into mitochondria ( Figure 1A ). To avoid an imbalance of nuclearencoded and mitochondrial-encoded subunits and to enable adaptive changes, the cells need to coordinate cytosolic and mitochondrial translation of the OXPHOS subunits. The balanced biogenesis of mitochondrial-encoded proteins in the model organism baker's yeast is governed at the level of translation (Herrmann et al., 2013) . In addition, a degradation of excess subunits contributes to proteostasis. The subunits encoded by yeast mtDNA possess specific translational activators that engage both the 5 0 UTR of the mRNA and the protein in early assembly intermediates. If these intermediates fail to mature, the translational activators remain trapped and further translation is blocked. This system constitutes a feedback loop that couples mitochondrial translation to proper assembly of the OXPHOS complexes (Herrmann et al., 2013) . Little is known, however, about the coordination of cytosolic and mitochondrial translation in mammalian cells. Expression of mtDNA in mammals shows significant differences to that in yeast. In particular, mammalian mitochondrial mRNAs possess either no or only very short 5 0 UTRs and thus lack typical binding sites for translational activators (Hä llberg and Larsson, 2014) . Classical translational activators and feedback loops have not been described so far. In this issue of Cell, Richter-Dennerlein et al. (2016) report the discovery of an intriguing new mechanism that imparts feedback regulation on translation and assembly of a mitochondrial-encoded OXPHOS subunit in human mitochondria, revealing a direct physical link between the translation machinery and assembly intermediates.
Human complex IV or cytochrome c oxidase (COX) is composed of 3 mitochondrial-encoded subunits, COX1, COX2, and COX3, and 11 nuclear-encoded subunits. Its biogenesis is assisted by numerous assembly factors (Soto et al., 2012) . COX assembly is initiated by translation of the central subunit COX1, which contains twelve transmembrane segments and is intensively chaperoned from its earliest beginning. Newly synthesized COX1 interacts with the proteins C12ORF62 (hCOX14) and MITRAC12 (hCOA3), forming the first of a series of intermediates that have been termed mitochondrial translation regulation assembly intermediate of cytochrome c oxidase (MITRAC) (Mick et al., 2012) . Now, Richter-Dennerlein et al. (2016) found that the assembly factor C12ORF62 is recruited to COX1 at an even earlier time point than anticipated. It interacts with mitochondrial ribosomes that are actively translating COX1 ( Figure 1B ). Defined COX1 fragments are co-purified with C12ORF62 upon releasing nascent chains from ribosomes by treatment with puromycin, demonstrating that the assembly factor associates with the ribosome nascent chain complex upon synthesis of four to six of the twelve COX1 transmembrane domains. These nascent chains are partially membrane integrated and represent productive on-pathway intermediates. Richter-Dennerlein et al. (2016) demonstrate that C12ORF62 is required for translation of COX1, pointing to an active licensing of COX1 translation by C12ORF62. Thus, a negative translational feedback loop prevents COX1 synthesis in the absence of its initial assembly chaperone.
Is there a mechanism to balance COX1 biogenesis against the levels of nuclear-encoded COX subunits? Strikingly, the translational feedback regulation discovered by Richter-Dennerlein et al. (2016) extends to the incorporation of the first nuclear-encoded COX subunit, COX4. In the absence of COX4, COX1 translation is arrested. Only when sufficient amounts of COX4 are synthesized in the cytosol and imported into the mitochondrial inner membrane, the synthesis of COX1 is completed and COX4 stably assembles with it ( Figure 1B) . In this newly identified mechanism of mitochondrial translational regulation, the fidelity of every single step in the early assembly of COX1 is monitored, from co-translational chaperoning to post-translational assembly with nuclear-encoded subunits. Failure at any point results in the arrest of COX1-translating ribosomes. Thus, the biogenesis of the mitochondrial-encoded core subunit COX1 is intimately connected to the availability of the nuclear-encoded COX4.
The interaction of translating ribosomes with early MITRAC complexes bypasses the requirement for a classical mRNAbinding translational activator. The exact molecular mechanisms of this translational plasticity with pausing and resumption of protein synthesis remain to be elucidated. C12ORF62 is a good candidate for a master chaperone since it is required for COX1 translation but is also present in arrested ribosome nascent chain complexes when downstream factors fail to engage. C12ORF62 may thus integrate signals about the folding and assembly status of COX1 and transmit them to the ribosome. MITRAC12 likely also contributes to the feedback regulation. Weraarpachai et al. (2009) reported that the nuclear-encoded protein TACO1 is required for COX1 translation by an unknown mechanism, raising the question if and how it functionally interacts with this feedback system. An important topic for future research is the question that if the assembly of other mammalian OXPHOS complexes with dual genetic origin also involves specific factors for direct coupling of mitochondrial translation to import of nuclear-encoded subunits.
The assembly of OXPHOS complexes with dual genetic origin is a logistically more complicated variation of the general problem of balancing the levels of different subunits of protein complexes. Employing ribosome profiling in bacteria and yeast, Li et al. (2014) found that most subunits of stable protein complexes are produced at rates proportional to their stoichiometry in the complex, ensuring that the subunits are present in the amounts required for proper and efficient assembly . Thus, the balanced and coordinated synthesis of proteins is a fundamental cellular strategy for dealing with components of oligomeric complexes.
While feedback control loops limit unbalanced synthesis of mitochondrial subunits, the reverse issue is how mitochondrial expression is induced for enhanced mitochondrial biogenesis. This question was recently addressed in yeast cells undergoing adaptation from anaerobic to aerobic growth (Couvillion et al., 2016) . Profiling of cytosolic and mitochondrial ribosomes revealed that both machineries execute coordinated translation programs that depend on cytosolic translation and protein import into mitochondria. This observation may reflect the fact that some nuclear-encoded yeast translational activators are rate limiting for expression of their mitochondrial targets (Herrmann et al., 2013) . It may also point toward a further layer of mitochondrial translational regulation that, like in mammals, may involve the import of nuclear-encoded structural subunits of OXPHOS complexes (Richter-Dennerlein et al., 2016) . In mammalian cells, mitochondrial biogenesis is typically induced during differentiation. A recent study reported that, during mammalian muscle differentiation, mitochondrial protein expression is regulated via the microRNA miR-1, which is imported into mitochondria and interacts with the Argonaute protein Ago2 (Zhang et al., 2014) . In contrast to classical miRNA-mediated silencing pathways, the miR-1-Ago2 complex enhances the translation of several subunits of OXPHOS complexes, including COX1. Thus, the fundamental principles of activation of mitochondrial translation by cytosolic factors and control by translational feedback loops are valid for fungi and metazoa, whereas distinct molecular mechanisms are involved to reach these goals. (B) Two assembly factors, C12ORF62 and MITRAC12, co-translationally associate with the central subunit COX1 of respiratory complex IV during its synthesis on mitochondrial ribosomes. In the absence of the nuclear-encoded subunit COX4, this early intermediate (MITRAC early ) is arrested in a partially translated and membrane-inserted stage. Upon import of COX4 from the cytosol into mitochondria, translation continues and COX1 is fully synthesized and membrane integrated, followed by sequential assembly with the other subunits of the respiratory complex.
piRNA guides the action of PIWI proteins to silence deleterious transposons in animal reproductive tissues. Biogenesis of piRNA-induced silencing complex (piRISC) involves a multi-step process. In this issue, Matsumoto et al. report the first crystal structure of a PIWI-clade protein displaying a guide RNA, ready for action.
Argonaute (Ago) proteins play essential roles in small-RNA-guided processes, by silencing single-stranded (ss)RNAs complementary to its pre-loaded guide RNA (Swarts et al., 2014) . They can be classified into two clades, AGO and PIWI. The AGO-clade proteins are broadly distributed and mainly interact with 21-24 nucleotide (nt) microRNAs (miRNAs) or short interfering RNAs (siRNAs). Variants of prokaryotic Agos may target DNA, using either RNA or DNA guides (Swarts et al., 2014) . The PIWI-clade proteins are narrowly expressed in animal reproductive cells and associate with 26-30 nt PIWI-interacting (pi)RNAs to form piRNA-induced silencing complexes (piRISCs). PIWI-piRISCs protect animal germline cells by silencing deleterious transposons through either post-transcriptional degradation or transcriptional silencing (Czech and Hannon, 2016) .
The biogenesis of piRNA and the assembly of PIWI-piRISC are a rather complicated process, which does not involve a double-stranded (ds)RNA intermediate as in miRNA and siRNA pathways (Czech and Hannon, 2016) . Instead, the long clustered piRNA transcript is endonucleolytically cleaved, and the intermediates are loaded onto PIWI and undergo further 3 0 end maturation, followed by 2 0 -O-methylation (2 0 -OME) at the 3 0 terminal nucleotide (Iwasaki et al., 2015; Izumi et al., 2016) (Figure 1A ). Furthermore, a unique ping-pong amplification cycle serves as a secondary piRNA biogenesis pathway, in which a subset of piRNAs is selectively amplified upon encountering transposon targets (Czech and Hannon, 2016) ( Figure 1B) . Studies of piRNAi have been lagging behind because the pathway is restricted to animal gonads, and the specifics of piRNA biogenesis and ping-pong mechanism vary to some extent among different systems.
Structural studies on AGO-clade proteins have generated tremendous mechanistic insights. For example, key functional states for human (h)Ago2 with or without the miRNA guide, and with the target RNA, provide the structural basis for understanding miRNAi (Schirle et al., 2014) . However, similar effort on PIWIclade Argonautes was unsuccessful. In recent years, several mechanistic breakthroughs have stemmed from studies based on the silkworm Bombyx mori ovary-derived BmN4 cells, which express two PIWI proteins, Siwi and BmAgo3 (Kawaoka et al., 2008) . In this issue of Cell, Matsumoto et al. (2016) unveil the crystal structure of the silkworm Siwi-piRISC complex. The success doesn't come easy, as it involves raising a monoclonal antibody to affinity purify Siwi-piRISC directly from BmN4 cells and using a protease to release the PIWI region for structure determination. The payoff, however, is well worth the effort. The authors note structural differences of Siwi with the AGO-clade relatives, reveal piRNA recognition features, and examine the slicing mechanism. These observations lay a solid foundation for more sophisticated mechanistic dissections in the future.
Not surprisingly, Siwi bears a strong structural resemblance to its AGO-clade relatives. The four signature domains (N, PAZ, MID, and PIWI) and three linkers (L0, L1, and L2) assemble into a typical bi-lobed (N-PAZ lobe and MID-PIWI lobe) architecture found in all Ago proteins ( Figure 1C) . However, the relative orientation of these two lobes differs significantly between Siwi and the AGO-clade
